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mating	 partner.	 Furthermore,	 traits	 such	 as	 copulation	 duration	 represent	 the	 out-
come	 of	 behavioral	 interactions	 between	 the	 sexes,	 for	which	 it	 is	 important—but	
often	difficult—to	determine	which	sex	is	in	phenotypic	control.	Using	a	double-	mating	
protocol,	we	compared	copulation	durations	between	(1)	virgin	and	nonvirgin	and	(2)	
sibling	 and	 nonsibling	 mating	 pairs	 in	 rufous	 grasshoppers	 Gomphocerippus rufus. 
Nonvirgin	copulations	took	on	average	approximately	30%	longer	than	virgin	copula-
tions,	whereas	relatedness	of	mating	partners	was	not	a	significant	predictor	of	copu-
lation	 duration.	 Longer	 nonvirgin	 copulations	 may	 represent	 a	 male	 adaptation	 to	
sperm	competition	if	longer	copulations	allow	more	sperm	to	be	transferred	or	func-








resent	 a	 nontransient	 trait	 expressed	 in	 a	 consistent	manner	with	 different	mating	
partners,	suggesting	that	some	aspect	of	the	male	phenotype	may	determine	copula-
tion	duration	in	this	species.	However,	overlapping	confidence	intervals	for	our	sex-	
specific	 repeatability	 estimates	 indicate	 that	 higher	 sampling	 effort	 is	 required	 for	
conclusive	evidence.
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1  | INTRODUCTION
Copulation	 duration	 in	 species	with	 direct	 sperm	 transfer	 is	 an	 im-
portant	trait	potentially	affecting	reproductive	success	in	both	sexes,	
in	particular	 in	mating	 systems	characterized	by	 sperm	competition.	
In	 general,	 copulations	 are	 costly	due	 to	various	 reasons,	 for	 exam-




duration	energetic	costs,	predation	 risk	and	 in	addition	 the	costs	of	
























In	 our	 study	 organism,	 the	 acridid	 grasshopper	Gomphocerippus 
rufus,	 nothing	 is	 known	 about	 potential	 inbreeding	 depression.	
However,	 inbreeding	depression	has	been	 found	 in	other	species	of	
the	order	Orthoptera	(e.g.,	Drayton,	Hunt,	Brooks,	&	Jennions,	2007;	
Roff,	1998;	Simmons,	2011)	and	some	other	studies	have	shown	that	





Aside	 from	the	degree	of	 relatedness,	also	 the	 fact	 that	 females	








tilization	 success	 (Parker	&	Pizzari,	2010)	and	males	 should	 transfer	
more	sperm	under	a	high	risk	of	sperm	competition	(but	not	necessar-
ily	under	a	high	intensity	of	sperm	competition	Engqvist	&	Reinhold,	
2005).	One	means	 to	 achieve	 benefits	 under	 such	 circumstances	 is	
extending	 the	copulation	duration	when	prolonged	copulations	 lead	
to	the	transfer	of	extra	gametes	and/or	extra	nongametic	components	





duration	 (Eberhard,	 1996).	 Furthermore,	 pre-	 or	 postinsemination	
mate	guarding	or	the	removal	of	an	ejaculate	from	another	male	could	
provide	 a	 mechanistic	 basis	 for	 the	 benefits	 of	 longer	 copulations	
(e.g.,	Jarrige,	Kassis,	Schmoll,	&	Goubault,	2016	and	see	Alcock,	1994;	
Danielsson,	 1998	 and	 Simmons,	 2001	 for	 an	 overview).	 For	 these	
traits,	selection	is	probably	stronger	in	males	because	their	fitness	is	





















Köhler,	 1999;	 Ritchie,	 Butlin,	 &	Hewitt,	 1989)	 and	 importantly	 also	
in	 field	 (Reinhardt,	Köhler,	Webb,	&	Childs,	2007).	Reinhardt	 (2000)	
also	 showed	 that	after	 two	copulations,	 the	 sperm	precedence	pat-
tern	(measured	as	P2-	value,	indicating	the	relative	fertilization	success	
for	the	second	of	two	males)	varies	between	two	closely	related	acri-
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1983),	suggesting	sperm	competition	has	been	an	important	selection	
pressure	also	in	this	species.
For	 traits	 involved	 in	 behavioral	 interactions	 between	 the	 sexes	
during	mating,	 it	may	be	difficult	 to	determine	which	 sex	 is	 in	phe-
notypic	 control	 of	 the	 respective	 behavior.	 For	 example,	 copulation	
duration	can	only	be	attributed	to	a	pair	of	mating	partners	but	likely	
is	 determined	 to	 a	 large	 part	 by	 just	 one	 of	 the	 partners.	Thus,	we	
here	also	assessed	sex-	specific	repeatabilities	in	copulation	durations	
obtained	from	a	double-	mating	experimental	design	to	test	whether	




mating	experiment.	Our	 study	 species	needs	only	 a	 few	minutes	 to	
produce	and	transfer	a	spermatophore,	yet	copulations	typically	 last	
for	an	hour	or	more	(Hartmann,	1970).	The	experimental	design	used	




2  | MATERIALS AND METHODS
2.1 | Study species and experimental animals










L3-	L4)	 in	August	 2013	 in	 Tübingen,	 Germany	 (48°30.1′N;	 9°3.9′E).	
The	F0	nymphs	were	separated	by	sex	after	capture	and	2	or	3	days	
after	final	ecdysis,	F0	females	were	mated	at	random	to	a	single	F0	
male	 and	 subsequently	 kept	 separately	 in	 plastic	 cages	where	 they	
were	allowed	to	lay	eggs	in	sand	pots	(diameter	4	cm).	The	sand	was	
sieved	for	egg	pods	every	week,	and	the	egg	pods	were	collected	and	










2.2 | Staging of experimental matings











Females	were	 seven	 to	14	days	old	 (mean:	9.6,	SD:	1.41)	at	vir-
gin	mating,	and	males	were	between	four	and	18	days	old	(mean:	9.7,	
SD:	2.31).	After	natural	termination	of	virgin	copulations,	animals	were	
kept	 in	 isolation	 before	 staging	 nonvirgin	 matings.	 Females	 experi-
enced	a	nonmating	period	of	at	 least	seven	up	to	nine	and	males	of	
at	 least	 five	 up	 to	 10	days	 between	 the	 two	 experimental	matings.	
This	is	necessary	due	to	the	secondary	defense	behavior	in	this	spe-
cies,	in	which	a	female	successfully	avoid	copulation	by	kicking	males	



















females	are	 receptive	 to	 remating	 (Hartmann	&	Loher,	1996,	1999).	
Males	experienced	a	similar	mating	 interval	 for	purely	 logistical	 rea-
sons	 and	 to	 keep	 the	 age	 comparable	 between	 females	 and	males.	
All	pairs	were	placed	in	a	plastic	cage	(15	cm	×	15	cm	×	20	cm)	under	
artificial	 light	 at	28°C	and	were	monitored	 for	mating	activity.	Pairs	
not	starting	copulation	within	180	min	were	discarded.	We	measured	





















from	 further	 analyses	 resulting	 in	 141	 virgin	 (96	 copulations	 with	
nonsiblings	and	45	with	siblings)	and	60	nonvirgin	copulations	(24	for	
Non	Sib/Non	Sib,	17	for	Non	Sib/Sib	and	19	for	Sib/Non	Sib	group).




















We	did	 this	 separately	 for	both	 sexes	as	 treatments	 sometimes	dif-
fered	between	male	and	female	mating	partners.
After	 these	 analyses	 and	 the	 finding	 that	 the	mating	 status	 has	
a	 significant	 influence	on	 copulation	duration	 (see	 results),	we	used	
within-	subject	paired	t	 tests	based	on	the	subsamples	of	females	or	
males	 that	were	 successfully	 sampled	 twice	 (N	=	59	and	N	=	58,	 re-
spectively)	 to	test	 for	systematic	differences	 in	copulation	durations	
between	virgin	and	nonvirgin	matings	of	the	same	individual.	The	de-











in	 copulation	 duration.	 Based	 on	variance	 estimates	 from	 the	 same	
model	 fit,	 the	 repeatability	 of	 copulation	 durations	 for	 females	was	
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on	 the	 copulation	 duration	 in	 the	 second	 copulation	 in	 both	 sexes	
(linear	 model	 fits,	 females:	 F2,57	=	1.94,	 p	=	.15;	 males:	 F2,55	=	0.94,	
p	=	.40,	comparing	of	the	three	treatment	groups	as	in	Figure	3).
3.2 | Within- individual effects of mating status
We	analyzed	the	subsets	of	individuals	that	were	successfully	mated	
twice	 to	 directly	model	 the	within-	subject	 response	 to	mating	 sta-




minutes	 longer	 than	corresponding	virgin	 copulations	 (paired	 t	 test:	
t57	=	5.39,	p	<	.001,	Figure	4b,	Table	2).
3.3 | Sex- specific repeatabilities of copulation  
duration















discrimination	of	siblings	either	by	 females	or	males.	 If	 there	 is	only	
weak	 or	 even	 no	 inbreeding	 depression	 in	 this	 species,	 evolving	 an	
inbreeding	avoidance	mechanism	might	be	too	costly	or	unnecessary.	
In	 addition,	 inbreeding	 can	 also	 have	 advantages	 for	 both	 partners	
because	of	the	increased	inclusive	fitness	by	mating	with	close	rela-
tives	(Parker,	1979).	Indeed,	matings	with	close	relatives	are	regularly	




2006).	 Unfortunately,	 information	 on	 inbreeding	 depression	 in	 our	
study	organism	is	currently	lacking.








selected	 to	 avoid	 inbreeding	 because	 of	 the	 higher	 parental	 invest-














Fixed effects Estimate SE χ² p
Intercept 119.10 4.30
Relatedness	(sibling) −4.31 4.65 0.87 .35
Pair	copulation	type	
(virgin)
−25.94 4.25 29.35 <.001
Random effects Variance SD χ² p
Female	ID	(intercept) 65.97 8.12 0.36 .55







































recognition	by	 the	 song	 is	described	 for	other	 close	 related	 species	
of	G. rufus	 (e.g.,	 see	Balakrishnan,	von	Helversen,	&	von	Helversen,	
2001;	 von	 Helversen,	 1972;	 von	 Helversen	 &	 von	 Helversen,	
1997;	 Klappert	 &	 Reinhold,	 2003;	 Safi,	 Heinzle,	 &	 Reinhold,	 2006	
for	 Chorthippus biguttulus,	 Charalambous,	 Butlin,	 &	 Hewitt,	 1994;	
Perdeck,	1958;	Saldamando	et	al.,	2005	for	C. brunneus	and	Stumpner	






(C. p. parallelus	and	C. p. erythropus)	are	more	likely	than	between	sub-
species,	which	differ	by	their	songs	(Ritchie,	1990).	However,	there	is	
gene	flow	between	the	subspecies	and	hybrids	occur	(Bella,	Serrano,	
Orellana,	 &	Mason,	 2007;	 Bella	 et	al.,	 1992),	 the	 upper	 mentioned	
mating	 experiments	 showed	mate	 recognition	 and	 a	 preference	 for	
mates	of	the	same	subspecies.	Because	of	the	upper	cited	studies,	we	
have	reasons	for	the	assumption	that	G. rufus	is	capable	to	recognize	
at	 least	other	members	of	 the	same	species	 (species	 recognition)	as	
well	as	possible	mating	partners	(sex	recognition).	To	clarify	whether	
there	is	kin	recognition	in	this	species,	more	or	other	experiments	are	















rations	may	 thus	 represent	a	male	adaptation	 to	sperm	competition	
and	several	possible	mechanisms	are	conceivable.	For	example,	me-
chanical	 sperm	 removal	 has	 been	 shown	 in	 insects	 (e.g.,	 in	 dragon-
flies	 (Córdoba-	Aguilar	 &	 Cordero-	Rivera,	 2008;	Waage,	 1979),	 in	 a	
beetle	(Gage,	1992)	and	in	the	bush-	cricket	Metaplastes ornatus	(von	
Helversen	&	von	Helversen,	1991))	which	could	be	 time-	consuming	
and	 thus	explain	 longer	copulation	duration	 in	matings	with	already	
















than	 one	 spermatophore	 in	 a	 single	 copulation,	 which	 needs	 more	
time	the	more	spermatophores	will	be	produced	and	transferred.	Two	
years	earlier,	Pickford	and	Gillott	(1971)	found	the	same	in	Melanoplus 
sanguinipes	 and	 a	 correlation	 between	 copulation	 duration	 and	 the	























Sex Copulation type Mean ± SD Range N p
Females Virgin 85.0	±	33.3 17–169 59 <.001
Nonvirgin 116.7	±	38.6 26–213














older	 in	 the	 nonvirgin	 matings).	 However,	 Wedell	 (1992)	 showed	
that	 there	 are	 no	 differences	 in	 copulation	 duration	 between	virgin	
and	 nonvirgin	 males	 in	 another	 Orthopteran	 species,	 the	wartbiter	
Decticus verrucivorus	 (Orthoptera;	 Tettigoniidae).	 Nevertheless,	 she	
found	differences	 between	virgin	 and	 nonvirgin	 females’	 copulation	
duration	and	concluded	that	female	mating	status	could	be	detected	
by	males.	The	potential	mechanism	of	mating	status	recognition	in	our	




















Nevertheless,	we	 also	 observed	 several	 times	 that	 during	 copu-
lation	males	were	kicked	by	the	females	and/or	lost	contact	with	the	
female’s	body	with	their	 legs	while	still	 in	copulation,	sometimes	for	
more	 than	 30	min	 (Haneke-	Reinders,	 pers.	 obs.).	 This	 suggests	 that	
the	males	but	not	 the	 females	 can	 terminate	 the	connection	of	 the	





From	 a	 female	 perspective,	 however,	 longer	 copulations	 with	
particular	 mates	 could	 well	 be	 beneficial	 too.	 The	 animals	 in	 our	
experiment	came	from	the	same	population,	and	 it	 is	 likely	that	fe-
males	 of	 one	 population	 react	 in	 a	 similar	way	 to	male	 attractive-
ness.	For	example,	females	of	the	grasshopper	Chorthippus biguttulus 
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